A series of 2,3-diaryl-substituted indoles containing a fluorine or methoxy group was synthesized via Fischer indole synthesis, McMurry cyclization, or Bischler-Möhlau reaction to identify potential leads for positron emission tomography (PET) radiotracer development as well as for optical imaging. All 2,3-diarylsubstituted indoles possess autofluorescent properties with an emission maximum in a range of 443-492 nm, which is acceptable for biological studies in vitro and, in part, in vivo. The molecular structure of compounds 3a and 3j was confirmed by X-ray crystal structure analysis. COX inhibitory activity was evaluated by a fluorescence-based and enzyme immunoassay-based assay. Redox activity of all target compounds was also determined. All synthesized 2,3-diaryl-substituted indoles are inhibitors of COX-2 enzyme in the low micromolar range. Compounds 3e, 3f, 3g and 3m displayed a 30-40% inhibition of COX-2 at 0.1 mM concentration while compounds 3f and 3g also exhibited COX-1 inhibitory activity. Various compounds like 3g showed substantial antioxidative potential (R DIENE ¼ 2.85, R HAVA ¼ 1.98), an effect that was most measurable with methoxy-substituted compounds. With respect to PET radiotracer synthesis, OMe-containing compound 3j was selected as a promising candidate for carbon-11 labeling, and F-containing compound 3m as a lead for the development of a fluorine-18 labeled derivative. Scheme 2 Synthesis of 2-sulfonylphenyl substituted indoles 3a-3g by McMurry cyclization. Reagents and conditions: (a) for 1a and 1d: (i) PCl 5 , 50 C, (ii) AlCl 3 , 80 C (1a) and 5-10 C (1d), (iii) HClO 4 /CH 3 COOH, 100 C; (b) for 1b-1c: (i) BCl 3 , AlCl 3 , toluene, reflux, (ii) 2 M HCl, reflux; (c) 4-(R 2 O 2 S)C 6 H 4 COCl, NEt 3 , THF, rt; (d) TiCl 4 , Zn, THF, 65 C. 38728 | RSC Adv., 2014, 4, 38726-38742 This journal is
Introduction
Since the discovery of the cyclooxygenase-2 (COX-2) isoenzyme in the early 1990s it has been well accepted that this isoform of cyclooxygenases plays an essential role in a number of various (patho)physiological processes such as chronic inammatory diseases, neurodegenerative disorders, and cancer. Both isoforms (COX-1 and COX-2) catalyze the conversion of arachidonic acid into prostaglandin H 2 (PgH 2 ), which subsequently leads to the biosynthesis of prostaglandins and thromboxanes as mediators of a variety of important physiological functions like vasodilation, regulation of inammatory response, and platelet aggregation. While COX-1 is constitutively expressed, COX-2 is nearly absent under normal physiological conditions. However, various inammatory stimuli induce COX-2 expression and function. In a clinical picture, overexpression of COX-2 leads to high levels of eicosanoids resulting in acute inammation, pain and fever. Hence, inammation is treated by inhibition of COX-2. First generation of COX inhibitors are termed as non-steroidal anti-inammatory drugs (NSAIDs), which target both COX-1 and COX-2. Typical examples of NSAIDs represent ibuprofen, indomethacin, and diclofenac. COX-1 inhibition through NSAIDs can cause undesirable side effects such as peptic ulcer or stomach bleeding. To overcome these drawbacks, a second generation of compounds, termed as COXIBs, was developed. COXIBs like celecoxib, valdecoxib, and rofecoxib are characterized by high COX-2/COX-1 selectivity prole. These selective COX-2 inhibitors bind competitively to the cyclooxygenase active site of COX-2, but not COX-1, and hence block COX-2-mediated prostaglandin synthesis. Later it became clear that complete inhibition of COX-2 also blocks the formation of vasodilators like prostaglandin I 2 and, consequently, resulted in a shi from the COX pathway to the lipoxygenase pathway. This shi was accompanied with increased cardiovascular risk. This matter of facts demonstrates that the search of new lead structures with high COX-2 selectivity but without cardiac or other side effects is an ongoing research eld. 1 Most COXIBs are characterized by a central ve membered heterocyclic core structure (pyrrole, thiazole, oxazole, furan and imidazole) with two adjacent aromatic rings bearing a methylsulfonyl or aminosulfonyl group as COX-2 pharmacophore. This basic concept was extended for the design of new lead structures possessing a six-membered or bicyclic heterocyclic core. 2, 3 The indole motif is a classical pharmacophore present in the non-selective COX inhibitor indomethacin which was as corestructure for the design of various selective COX-2 inhibitors reported by Black et al. (Scheme 1). 4 Later, novel N-substituted indole carboxyclic acid esters, 5 and various 3,6-and 2,6-disubstituted indole derivatives were described as potent and selective COX-2 inhibitors. [6] [7] [8] Particularly high potent and selective COX-2 inhibitors as 2,3-diaryl substituted indoles were reported by Hu and Guo et al. [9] [10] [11] Moreover, quantitative structureactivity relationship (SAR) analysis on benzyl-substituted indoles demonstrated a correlation of the C-2 and C-3 substitution pattern with the found high COX-2 inhibitory and selectivity prole. 12 More recently, Kaur et al. 13 discussed various N-1 and C-3 substituted indole Schiff bases as selective COX-2 inhibitors. A selection of potent and selective COX-2 inhibitors based on indoles is depicted in Scheme 1.
Over the last years, COX-2 has also been associated with the development and progression of cancer. Elevated COX-2 levels are found in many human epithelium-derived malignancies. This nding correlates with aggressiveness, metastatic and invasive potential of tumors. 14, 15 Exemplarily, human malignant melanoma, a non-epithelial tumor that is characterized by a marked inammatory response and high metastatic potential, has been shown to overexpress COX-2, 16, 17 and COX-2 was proposed as a prognostic marker in melanomata and also in various epithelial tumors. [18] [19] [20] [21] Consequently, tumor-promoting inammation has been recognized as an emerging hallmark of cancer, and is a current therapeutic target for the development of anticancer drugs. 22 Current anticancer drug design and discovery increasingly includes non-invasive molecular imaging methodologies to assess efficacy of novel drugs based on their molecular mode of action. We are interested in radionuclide-guided functional molecular imaging of COX-2 by means of positron emission tomography (PET). The use of selective COX-2 inhibitors as PET radiotracers for molecular imaging of COX-2 would provide valuable information on tumor prognosis, metastasis, or therapy response. [23] [24] [25] Up to now, a number of radiotracers basing on clinically used COXIBs like celecoxib and valdecoxib have been described; 26, 27 as well as novel compounds with hitherto unknown pharmacological prole were synthesized, radiolabeled and evaluated in vitro and in vivo. 24 Some recent studies with 18 F-labeled pyrazole 28 or azulene 29 based COX-2 inhibitors have successfully demonstrated a specic uptake of radiolabeled COX-2 probes in inammatory lesions as well as in xenograed tumors and gave the proof of principle of targeting COX-2 in vivo with radiotracers. However, despite of promising pre-clinical results a suitable COX-2 specic radiotracer for human use is still absent, a fact that is stimulating radiopharmaceutical research in that eld.
In our efforts to develop radiolabeled COX-2 inhibitors we selected 2,3-diaryl-substituted indole as lead structure, and we recently reported on the radiosynthesis and radiopharmacological evaluation of 3-(4-[ 18 F]uorophenyl)-2-(4methylsulfonylphenyl)-1H-indole as novel 18 F-radiotracer for PET imaging of COX-2. Although the radiotracer displayed a promising in vitro and in vivo stability prole, no uptake into COX-2-expressing human HT-29 tumor xenogras transplanted in NMRI nu/nu mice could be observed. 30 We concluded that the COX-2 inhibitory activity and selectivity prole of the compound in vivo was not suitable for radiotracer applications. However, potential of varying the C-2/C-3 substitution pattern in the indole scaffold as well as the innovative and highly effective radiosynthesis via McMurry cyclization prompted us to synthesize a comprehensive series of 2,3-diaryl-substituted indoles containing uorine or methoxy groups as leads for the development of respective 11 C-and 18 F-radiolabeled PET radiotracers. The motivation of the present work was to identify from a pool of 2,3-diaryl-substituted indoles one or two candidates with nanomolar affinity towards COX-2, most favorable COX-2/COX-1 selectivity, having uorine or methoxy substituents suitable to be replaced by uorine-18 or carbon-11 respectively.
In this paper we describe the synthesis of thirteen 2,3-diarylsubstituted indoles. We in detail assessed their chemical and uorescent spectroscopic characteristics. All compounds were screened for their COX-2 inhibitory activity and selectivity prole using a uorescence-based and an enzyme immunoassay-based COX assay. Many indoles possess antioxidative properties which is an important parameter for their exerted biological activity prole. Antioxidative potential of novel indole compounds was assessed and compared with prominent indole-based antioxidant melatonin. 31, 32 Concluding SAR studies assisted us in the selection of suitable candidates for radiotracer development.
Results and discussion

Chemistry
The synthetic routes towards 2,3-diaryl-substituted indoles are shown in Schemes 2 and 4, both follow in general literature procedures which however have been improved and modied by us for higher yields and products purity.
The synthesis of 2-sulfonylphenyl-3-phenyl-1H-indoles 3a-3g (Scheme 2) followed the synthetic strategy of Hu et al. 10 involving a McMurry cyclization as the nal step to build up the indole core structure. For this approach the benzophenone derivatives 1a-1d served as starting materials. Compounds 1a and 1d were obtained in 25% and 21% yield, respectively, from N-tosyl protected anthranilic acid by conversion into the corresponding acid chloride with PCl 5 and subsequent reaction with uorobenzene or anisole under Friedel-Cras conditions followed by detosylation using a mixture of acetic acid and perchloric acid. 30, 33 Compounds 1b and 1c were synthesized in one step by Friedel-Cras acylation using BCl 3 to achieve selective ortho-benzoylation relative to the amino residue. 34 Following this route by starting from p-toluidine and p-uorobenzonitrile, 1b was obtained in 21% yield. Comparable to that, the yield for 1c was 23% but it should be noted that the hydroxy derivative 1c was obtained unexpectedly by using p-anisidine and p-uorobenzonitrile for the synthesis of the methoxy derivative. Apparently under the used reaction conditions, boron trichloride caused a demethylation of p-anisidine so that the hydroxy derivative 1c was formed. Since similar but slightly milder reaction conditions were used by Dinsmore and Bergman 35 for the synthesis of 2-amino-3 0 -uoro-5-methoxy-benzophenone, we also applied this procedure for the synthesis of the methoxy derivative but no product was formed. We assumed that the methoxy-derivative was not directly accessible by this route and we applied the Bischler-Möhlau synthesis as shown below to get access to a 5-methoxy-substituted indole. As a second note, 1c was not stable in alkaline solution during workup so that for isolation of 1c neutralization of the reaction mixture with NaHCO 3 and extraction before column chromatography was applied. The amino substituted benzophenones 1a-1d were converted into the N-(2-benzoyl)phenyl-benzamides 2a-2g by reaction with the corresponding methylsulfonyl-or aminosulfonyl-substituted benzoyl chloride and Et 3 N in THF in 62-96% yield. In the nal step, the benzamides 2a-2g were cyclized under McMurry conditions to yield the 2,3-diarylsubstituted indoles 3a-2g in 21-85%.
From 3-(uorophenyl)-2-[4-(methylsulfonyl)phenyl]-1H-indole (3a) crystals suitable for X-ray structure analysis could be obtained by slow evaporation of a solution of 3a in ethyl acetate at room temperature. This unambiguously conrmed the molecular structure of the compound (Fig. 1 , for detailed results including the X-ray structure analysis of the intermediate 2c see the Experimental section and the ESI ‡). Interestingly, the plane of the methylsulfonyl-substituted phenyl ring in compound 3a is only slightly twisted out of the plane of the indole core (dihedral angle: 26.74 ) in comparison to the uoro-substituted phenyl ring (dihedral angle: 52.89 ). This gives evidence for the preferential interaction of the electron-rich indole system with the electron-decient methylsulfonyl-substituted phenyl ring.
The synthesis of the sulfonyl acetamide derivative 3h was accomplished by the reaction of compound 3g with acetyl chloride in acetic acid at 90 C in 70% yield (Scheme 3).
The 3-sulfonylphenyl-2-phenyl indoles 3i-3l were synthesized by application of a Fischer indole synthesis following the synthetic strategy of Guo et al. 11 (Scheme 4). For that purpose, 1phenyl-2-sulfonylphenyl ethanones 5a-5d served as key intermediates. The methylsulfonyl-substituted compounds 5a-5c were obtained starting from 4-(methylsulfonyl)phenylacetic acid by conversion to its acid chloride with SOCl 2 and subsequent reaction under Friedel-Cras conditions with ethoxybenzene, anisole, and uorobenzene, respectively (for detailed results of X-ray crystal structure analysis of the intermediate 5c see the Experimental section and the ESI ‡). 36 The sulfamoylsubstituted ethanone 5d was synthesized in two steps: 1-(4-uorophenyl)-2-phenylethanone (4) was prepared in a yield of 51% by Friedel-Cras reaction of phenylacetic acid chloride and uorobenzene as described by Singh et al. 37 followed by a chlorosulfonylation and ammonolysis at the para-position of the 2-phenyl ring. In detail this was performed by utilization of pure chlorosulfuric acid at temperatures about À78 C rising slowly to room temperature and subsequent reaction of the crude product in ethyl acetate with aqueous ammonia solution what gave the desired product 5d in 34% yield. 38 Compounds 5a-5d were then converted into the appropriate 3-sulfonylphenyl-2-phenyl-1H-indoles 3i-3l by Fischer indole synthesis using phenylhydrazine and BF 3 $Et 2 O as Lewis acid. However, the low yields about 20% prompted us to test the synthesis of 3j exemplarily by the McMurry pathway. For that, 2-amino-4 0 -(methylsulfonyl)benzophenone was allowed to react with 4methoxybenzoyl chloride to form N-[2-(4-(methylsulfonyl)benzoyl)phenyl]-4-methoxybenzamide which was subsequently and without isolation of the intermediate reacted under McMurry conditions in a two step/one-pot procedure (Scheme 5) as described by us 39 for the syntheses of 2-carbaboranyl-substituted indoles. This approach gave 3j in slightly better 32% yield over two steps. Crystals suitable for X-ray structure analysis could be obtained from a solution of 3j in ethyl acetate-petroleum ether 50 : 50 by slow evaporation at room temperature which unambiguously revealed the molecular structure of 3j ( Fig. 2 , for detailed results see the Experimental section and the ESI ‡). Interestingly, in this compound the molecular geometry differs in comparison to 3a. The plane of the phenyl ring in 2-position is substantially twisted out of the plane of the indole-core (dihedral angle: 52.89 ), likely due to the electron-rich methoxy-substituent in para-position. Consistently although not as stabilized as in compound 3a, the methylsulfonyl-substituted phenyl ring is again less twisted out of the plane of the indole core (dihedral angle: 39.62 ) compared to the neighboring phenyl ring.
As shown before, demethylation during the BCl 3 -mediated Friedel-Cras acylation hampered the synthesis of a corresponding 5-methoxy-substituted indole 3m via the McMurry-cyclization pathway. Thus, we decided to utilize another type of ring closure reaction, the Bischler-Möhlau cyclization for the synthesis of the methoxy-substituted derivative 3m (Scheme 6). The Bischler-Möhlau cyclisation has been used for the reaction of various methoxy-substituted anilines with 2-bromo-ketone derivatives. 40, 41 In our case, 1-(4-uorophenyl)-2-sulfonylphenyl ethanone (5c) was brominated to give the precursor 5e in 52% yield. 42 Then 5e was allowed to react with p-anisidine at 170 C in ethanol under pressure to form 3m in 37% yield. The regioselectivity of the Bischler-Möhlau reaction is hardly predictable, so the corresponding two isomers with opposite substituent position could be formed (Scheme 6). Actually, during the workup a set of by-products was observed. However, we isolated one main product for its identication NOESY experiments were performed. Finally by the help of this technique the molecular structure of the 2-[4-(methylsulfonyl)phenyl]-3-(4-uorophenyl)-5-methoxy-1H-indole (3m) was conrmed ( Fig. 3 , NOESY spectra are included in the ESI ‡).
Optical properties
Optical properties have been previously reported for 2,3diphenyl-1H-indoles and some derivatives were found to be highly uorescent with emission maxima in the range of 410-475 nm. [43] [44] [45] [46] [47] We recently presented the visualization of cyclooxygenase-2 by confocal laser induced cryouorescence microscopy in human melanoma cells using the uorescent indole 3g. 17 With this in mind and because one of the COX assays used by us is based on the detection of a uorescent dye with an excitation wavelength of 530-540 nm, we initially evaluated the optical properties of the compounds 3a-3m. For that purpose, the UV-vis absorbance and uorescence excitation as well as emission spectra were recorded (Table 1 ). Fig. 4 shows the normalized uorescence excitation and emission spectra of compounds 3j and 3m as examples for the indole based COX-2 inhibitors. In summary, all indoles are characterized by an excitation maxima at l > 300 nm, a large stokes shi of 106-160 nm and a uorescence emission maxima in the range of 444-492 nm. In comparison to 3g which was already used to visualize COX-2 in vitro, all tested indoles showed very similar uorescence excitation and emission spectra so that they might be used for similar applications. Of note, 2-(4-sulfonylphenyl)substituted indoles like 3m have an excitation maximum between 338-354 nm whereas 3-(4-sulfonylphenyl)-substituted indoles like 3j showed two bands with nearly similar intensity at 300-304 nm and 329-334 nm. As observed by X-ray crystallography for 3a and 3j, this also indicates that the interaction of the phenyl rings with the indole core differs substantially in dependence of the position of the sulfonyl moiety. Finally, no uorescence signal is observed by excitation at 530 nm allowing the determination of COX-inhibitory activity with the uorescence-based COX assay.
Biological evaluation
Fluorescence-based COX-assay. The in vitro COX inhibitory activity of the indoles 3a-3m and celecoxib as a reference was evaluated with a uorescence-based COX assay ("COX Fluorescent Inhibitor Screening Assay Kit", Item no. 700100, Cayman Chemical, Ann Arbor, USA) that utilizes the COX-mediated reduction of PGG 2 to PGH 2 to oxidize 10-acetyl-3,7-dihydroxyphenoxazine to resorun. This highly uorescent compound can easily be analyzed with an excitation wavelength of 530-540 nm and emission wavelength of 585-595 nm. The results of the COX inhibitory activity of the 2,3-diaryl-substituted indoles 3a-3m from this uorescence-based COX-assay are summarized at the le part of Table 2 . In all determinations celecoxib was used as internal standard and for COX-1/COX-2 selectivity giving at least no difference between our results and literature data.
Generally we found that all synthesized 2,3-diarylsubstituted indoles are inhibitors of COX-2 in the low micromolar or sub-micromolar level. This is in accordance with previous literature ndings from other groups describing 3a, 3b, 3f, 3g and 3k as selective COX-2-inhibitors. 9, 10, 48 The results from the assay used by us, showed that in 1 mM concentration 3a, 3b, 3e, 3g, 3i, 3j did inhibit more than 50% of COX-2 activity and four derivatives (3e, 3f, 3g, 3m) inhibited even better, between 30-40% in the 0.1 mM level. With view on regioisomers it is difficult to predict any signicant impact from the position of the methylsulfonyl or the aminosulfonyl group to COX-2 affinity. For the regioisomers 3a/3k a higher activity is observed with the methylsulfone on the 2-phenyl ring, but for the pair 3b/ 3l values in the same range were found. Furthermore, there is no clear tendency if the methylsulfone substituent is superior to the sulfonamide because by direct comparison of two derivatives having the identical core but different sulfonyl substituents similar activities to COX-2 were found as demonstrated by the pairs 3a/3b, 3c/3d and 3f/3g. Compounds with a uorinesubstituent generally show a lower inhibition of COX-2 because in all investigated compounds its replacement by a methoxy group lead to increased inhibition as has been demonstrated for the cases 3a/3f, 3b/3g, and 3k/3j. Acetylation of the sulfonamide resulted likewise in loss of activity as visible in 3g versus 3h, a similar reduction is observed by replacement of a methoxy by an ethoxy group (3i versus 3j). Notable is the impact of the substituent in 5-position of the indole system (R 3 ) on the COX-2 inhibitory activity. By direct comparison of a hydrogen (3a), a methyl-(3c) and a methoxy-group (3m) the latter gives the best inhibition to COX-2 whereas the methyl substituent lead to decreased affinity. Even a hydroxyl group at this position is well tolerated (3e) and results in 40% inhibition at 0.1 mM level.
In summary in the series of thirteen 2,3-diaryl substituted indoles the COX-2 inhibitory activity of the known compounds was conrmed and, compared to 3a, three even more potent derivatives, 3e, 3g and 3m could be identied.
Furthermore, we determined the inhibition prole of all compounds to COX-1 and found that most of the derivatives lacked COX-1 inhibitory activity as expected. However the methoxy-substituted compounds 3f-3g attracted our attention because 3f-3g appeared to be moderate inhibitors of COX-1, and especially 3g was even a more potent COX-1 than COX-2 inhibitor. The last nding was in harsh contrast to the literature, and we suspected false positive results since the uorescence-based COX-assay is inuenced by antioxidants as noted by the manufacturer. Particularly, the indole heterocycle is a wellcharacterized antioxidant pharmacophore 49, 50 and it had to be considered that possibly antioxidative properties of 3a-3m interfered with the assay and caused these deviations. This hypothesis was supported by our rst ndings in parallel in vitro experiments that indole 3g was able to inhibit not only the formation of PGE 2 but also the formation of 8-iso-PGF 2a generated via non-enzymatic oxidation aer the exposure of endothelial cells in both monolayer and organo-type aortic ring models to ionizing radiation. 51, 52 Thus, we decided to evaluate the antioxidant capacity of the indole based COX-2 inhibitors 3a-3m.
Redox activity-structure relationships. The antioxidant potency of the COX-inhibitors was investigated using a lowdensity lipoprotein (LDL) copper-/iron-peroxidation model. The results are shown in the middle part of Table 2 . The redox activity is expressed as R DIENE and R HAVA ratios indicating effects of the compounds tested on either lipid oxidation or protein oxidation. In both approaches R values (R DIENE or R HAVA ) higher than 1 indicate antioxidant activity while a R value of about 1 stands for no effect. For comparison, celecoxib, the indole hormone melatonin, and the polyphenol quercetin were studied. As expected, celecoxib did not exhibit any redox activity in the model systems used. In contrast, both quercetin and melatonin showed a substantial antioxidative activity both on lipid and protein oxidation. Interestingly, all tested compounds with an unsubstituted 5-position in the indole heterocycle (R 3 ¼ H) showed a signicant antioxidative action that was mostly comparable to melatonin. Noteworthy, compound 3g showed the highest antioxidative potential which was signicantly higher than that of melatonin but less active than quercetin. This antioxidative action of indole compounds is hypothesized to follow a mechanism discussed in detail for other indole antioxidants like 2-phenylindoles. 53 The proposed mechanism essentially would allow the presence of substituents like a methoxy group or a hydroxyl group at 5-position. Gozzo et al. demonstrated that the presence of 5-methoxy or 5-hydroxyl groups in melatonin analogues induces benecial effects on their antioxidative activity. 54 In the present study the introduction of a methoxy or a hydroxyl group at position 5 also resulted in higher antioxidant activity as is demonstrated for 3e/3b as well as 3m/3a, respectively. In contrast, the introduction of a methyl group at position 5 substantially attenuates antioxidant activity as demonstrated for 3c/3a and 3d/3b. These data further support the suggested mechanism. Furthermore, a benecial effect also could be observed when methoxy groups were introduced in para-position of 2-or 3-phenyl rings (3f/3a; 3g/3b).
Overall, the presence of methoxy groups favored antioxidant potential of indole derivatives with a slightly higher antioxidant activity for methoxy in para-position of the 3-phenyl ring compared to para-position of the 2-phenyl ring (3f/3j). Of interest, the sulfonamide moiety increases the antioxidant activity when compared with the methylsulfone as demonstrated for 3b/3a, 3g/3f, and 3l/3k. This tendency also was observed in a study of Walter and colleagues who reported prooxidative effects related to the sulfone agents rofecoxib and etoricoxib, respectively, compared to redox-neutral effects of sulfonamides celecoxib and valdecoxib. 55 Regarding protein oxidation the relationship between antioxidative capacity and different substituents in indole compounds are consistent with those observed for lipid oxidation.
EIA-based COX-assay. Hence, some of the indoles exhibited substantial antioxidative properties and in order to avoid false positive results issued from the uorescence-based COX-assay we decided to subject selected compounds (3a, 3b, 3e-3h, 3m) regarding their COX inhibitory activity to a second assay. For that purpose we chose an enzyme immunoassay (EIA) based COX assay ("COX Inhibitor Screening Assay Kit", Item no. 560131, Cayman Chemical, Ann Arbor, USA). Since this assay is determining the COX-activity via EIA based detection of prostaglandins and not via a redox-coupled mechanism, it seemed promising to eliminate the false positive results from our experiments. The results are displayed in the right part of Table  2 . On a rst look at the compound with the highest antioxidative potential 3g, it turned out that this substance is, although not very selective, a slightly better COX-2 than COX-1 inhibitor with 98% compared to 70% inhibition at the 1 mM level, respectively. A similar result was found for 3f which showed in the uorescence-based assay only moderate selectivity to COX-2 but in the enzyme immunoassay-based COX-assay no inhibition of COX-1 and 90% inhibition of COX-2 at the 1 mM level. These ndings support the hypothesis that the results of the uorescencebased assay for 2,3-diaryl-substituted indoles concerning COX-2 are affected by their redox activity. In contrast, for compounds 3e, 3j and 3m that were already found to be COX-2 selective with the uorescence-based assay, no such tendency was observed although these compounds had comparable R values with 3f. In an additional experiment we subjected melatonin that is also a 5-methoxy-substituted indole derivative and an antioxidant to both COX assays. As a result we found only a weak inhibition of both enzymes by melatonin with a slightly higher activity but comparable selectivity in the uorescence-based assay. These nding let us conclude that the redox activity at this level (R DIENE and R HAVA value about 1.7) has only minor effect on the result of the assays. Consistently, for compounds having a R DIENE and R HAVA value of about 1.3, that means only slightly redox active compounds (3a, 3b, 3l), the inhibitory activity to COX-1 and COX-2 is more or less comparable for both assays.
As in the uorescence-based assay, no clear tendency for the regioisomers was found since the regioisomers 3a/3k as well as 3f/3j showed similar COX-2/COX-1 selectivity although 3f seems slightly more potent than 3j. A similar statement can be made for the position of the aminosulfonyl and methylsulfonyl substituents because 3a/3b were both highly selective inhibitors of COX-2 and within the pair 3f/3g only 3f was a selective COX-2 inhibitor. In contrast to the uorescence-based assay, also no clear tendency was observed for the comparison of uorine with methoxy substituted compounds since in both groups very selective as well as unselective inhibitors were found.
Conclusions
The objective of this work was to develop and characterize in detail a series of 2,3-diaryl-substituted indoles selectively inhibiting cyclooxygenase-2, and preferably bearing a uorine or methoxy-substituent, in order to gain a pool of versatile compounds promising for 18 F-or 11 C-PET radiotracer development. The position of the uoro and methoxy groupon the 2aryl respectively on the 3-aryl substituentand of the appropriate methylsulfonyl or aminosulfonyl moiety should be altered with view on the resulting affinity towards COX-1 and COX-2.
For that purpose thirteen derivatives of 2,3-diaryl-substituted indoles have been synthesized by applying different ring closure reactions, as Fischer-indole synthesis, McMurry cyclization or Bischler-Möhlau cyclization. Among them the McMurry cyclization proofed to be an excellent approach due to its regioselectivity, modularity and the good yields that were obtained. The spectroscopic and uorescent properties of all 2,3-diarylsubstituted indoles revealed that all the compounds are uorescent with emission maxima acceptable for biological investigations in vitro and partly in vivo.
To determine the COX inhibition activity two separate in vitro assays, one uorescence-based and one enzyme immunoassay-based, were used. This exceptional approach was essential because it is known that each individual assay can have its limitations regarding the chemical and physical properties of the subjected compounds. In our case we found that the indoles do not only show uorescence, some of them possess a considerable redox activity which is known to interact with the uorescence-based assay, and as a consequence false results may be occur. Indeed, for 3g that showed the highest redox activity (R DIENE ¼ 2.85, R HAVA ¼ 1.98) of the tested indoles and appeared in the uorescence-based assay as a more potent COX-1 than COX-2 inhibitor, the immunoassay-based determination revealed that this compound was slightly more affine towards COX-2.
Summarizing the in vitro behavior of all 2,3-diarylsubstituted indoles it can be stated that all compounds are inhibiting COX-2, but with a slight gradation. Some of them turned out to be unselective COX inhibitors in one (3e, 3f) respectively both (3g, 3h) of the assays and are hence unsuitable candidates for radiotracer development. Surprisingly the introduction of a methyl-substituent to the 5-position of the indole lead to a remarkable loss of activity, hence the derivatives 3c and 3d have to be excluded as well. Since a high selectivity for COX-2 is an important criterion for potential radiotracers, 3a, 3b, 3j, 3l and 3m emerged as most promising candidates in the following order of increasing inhibitory activity based on 0.1 mM concentrations: 3b # 3l < 3a # 3j < 3m.
The radiolabeled COX-2 inhibitor [ 18 F]3a corresponding to the non-radioactive compound 3a has been recently evaluated by ourselves and showed no substantial tumor accumulation, due to fast elimination and insufficient affinity to COX-2. 30 The COX-2 inhibitors 3b and 3l both have a uoro-substituent making them to suitable candidates for radiotracer development with uorine-18. However, they possess an aminosulfonyl group that is known to interact in vivo with carbonic anhydrases in the erythrocytes, resulting in a slow blood clearance. This was demonstrated for 125 I-radiolabeled celecoxib derivatives 56 and should be kept in mind for the development of a 18 F-radiolabeled analogue of 3b and 3l. The derivative 3j does not contain a uorine substituent. Hence, radiolabeling with carbon-11 could be a possible approach as demonstrated by Tanaka et al. 57 but the low metabolic stability of the methoxy group in vivo is always limiting the radiotracer application.
Finally, 3m turned out as the most promising candidate for radiotracer development since this compound was potent and COX-2 selective in both assays showing furthermore in the EIAbased method a complete inhibition of COX-2 in the 0.1 mM level. The radiolabeling of 3m with uorine-18 can be performed by using the McMurry cyclization 30 as has been demonstrated for [ 18 F]3a because the Bischler-Möhlau reaction as labeling strategy seems to be ineffective for the introduction of the radioisotope.
Experimental protocols
All commercial reagents and solvents were used without further purication unless otherwise specied. Flash chromatography was conducted using MERCK Silica Gel (mesh size 40-63 mm) and RP-18 silica gel (Lichroprep RP-18, 25-40 mm). Thin-layer chromatography (TLC) was performed on Merck silica gel F-254 aluminum plates and Alugram RP-18W/UV 254 . Visualization was carried out using UV (254 nm/366 nm). Analytical HPLC analysis were carried out with a Luna C18 column (250 Â 4.6 mm, 5 mm, Phenomenex) using an isocratic eluent (acetonitrile/water + 0.1% TFA 70/30) by a gradient pump L2500 (Merck, Hitachi) with a ow rate of 1 mL min À1 . The products were monitored by an UV detector L4500 (Merck, Hitachi) at 254 nm. All nal compounds displayed $95% purity as determined by analytical HPLC. Mass spectra were obtained on a Quattro/ LC mass spectrometer (MICROMASS) by electrospray ionization. Melting points were determined on a Galen III (Cambridge Instruments) melting points apparatus (Leica, Vienna, Austria) and are uncorrected. Nuclear magnetic resonance spectra were recorded on a Varian Inova-400. NMR spectra were referenced to the residual solvent shis for 1 H and 13 C, and to CFCl 3 for 19 F spectra as internal standard. For some compounds, isotope effects on 13 C NMR chemical shis 58 were observed in acetone-d 6 which were caused by hydrogen/deuterium exchange while measurement. The signals with deuterium isotope shis are indicated and the range from minimal to maximal value is given.
Spectroscopic and uorescent properties were determined at the "Synergy 4 Hybrid Multi-Mode Microplate Reader" from BioTek Company. The samples were dissolved in an appropriate amount of DMSO to give a 10 mM stock solution. To 20 mL of this stock solution was added 80 mL DMSO, 100 mL TWEEN 20 and 9800 mL PBS to yield a 20 mM test solution for the measurement of the extinction coefficient. Using BioCell 1 cm Quartz Vessels from BioTec Company, the extinction coefficients were determined from the absorption spectra. All extinction coefficients are given in 3/dm 3 mol À1 cm À1 at the specied wavelength in nm. The uorescence excitation and emission spectra were determined using a 100 mM solution of the test compound in a solution of 1% DMSO and 1% TWEEN 20 in PBS. In both experiments, baseline correction was done using a solution of 1% DMSO and 1% TWEEN 20 in PBS. Syntheses 2-Amino-4 0 -uorobenzophenone (1a). Synthesis and characterization of compound 1a was recently reported. 39 The compound was used as starting material for the following steps.
2-Amino-4 0 -uoro-5-methylbenzophenone (1b). Synthesis and characterization of compound 1b was recently reported. 39 The compound was used as starting material for the following steps.
2-Amino-4 0 -uoro-5-hydroxybenzophenone (1c). Reaction was carried out under Schlenk-conditions. Under nitrogen atmosphere, p-anisidine (1.982 g, 16.1 mmol) and a solution of 4-uorobenzonitrile (2.918 g, 24.1 mmol) in toluene (18 mL) was added at 0 C to 1 M boron trichloride in toluene (18 mL, 18 mmol). Then freshly sublimated anhydrous aluminum chloride (2.43 g, 18.2 mmol) was added and the mixture was heated to reux for 12 h. Aerwards, the mixture was cooled to 0 C, water (1 mL) and 10% HCl (18 mL) were slowly added and the mixture was heated to reux for 2 h again. The raw product was isolated by vacuum ltration aer cooling the solution to 0 C. To the raw material was added water (10 mL) and a small amount of NaHCO 3 and this mixture was extracted with ethyl acetate (3 Â 50 mL). The organic phases were combined, washed with saturated NaHCO 3 (10 mL) and water (2 Â 10 mL) and dried over Na 2 SO 4 . The crude, dried product was puried by dry column vacuum chromatography (DCVC, petroleum etherethyl acetate 90 : 10 / 50 : 50). Compound 1c was obtained as a yellow-brown solid (854 mg, 23%). mp 150-153 C; R f 0.51 (petroleum ether-ethyl acetate 50 : 50); 1 H NMR (400 MHz; DMSO-d 6 ) d ppm: 6.50 (2H, br s, NH 2 ), 6.68 (1H, d, 4 J ¼ 2. 6 Hz, H phenyl-6 ), 6.74 (1H, d, 3 J ¼ 8. 8 Hz, H phenyl-3 ), 6.86 (1H, dd, 3 2-Amino-4 0 -methoxybenzophenone (1d). Synthesis of 1d was carried out in analogy to a literature procedure. 10 Briey, 2-(4methyl-phenylsulphonylamino)benzoic acid (4.38 g, 15 mmol) was suspended in dry anisole (20 mL) and PCl 5 (5.57 g, 17.1 mmol) was added at room temperature to the suspension in portions. The mixture was heated at 50 C for 30 min and cooled to 0 C by an ice-salt mixture. Anhydrous AlCl 3 (8.7 g, 65.4 mmol) was added in portions, while the temperature was kept between À3 C and 5 C. The mixture was stirred for 6 h at 5-10 C and at room temperature overnight. Aer cooling at 0 C, ice-cold 1 M HCl (80 mL) was added carefully and the suspension was treated with diethyl ether (50 mL), the aqueous phase was separated and extracted with diethyl ether once more (2 Â 25 mL). The white precipitate from the aqueous phase was ltered, washed with diethyl ether and dried under vacuum to give the intermediate product N-[2-(4-methoxybenzoyl)phenyl]-4-(methyl)benzenesulfonamide (1.82 g, 4.77 mmol) that was used as raw material for the next step. For deprotection, the intermediate (1.32 g, 3.46 mmol) was dissolved in a mixture of perchloric acid (70%, 7 mL) and acetic acid (2.75 mL), heated at 100 C and kept for 3 h at this temperature. Aer cooling, the solution was added to crushed ice (50 mL) and neutralized with aqueous NH 3 (25%). The yellow precipitate was allowed to crystallize and collected by ltration to give 1d as yellow crystals (0.52 g, 21%). mp 75-77 C (lit., 59 Under nitrogen atmosphere, TiCl 4 (146.2 mL, 253 mg, 1.3 mmol) was added to a suspension of the appropriate benzamide (0.62 mmol) and Zn (170 mg, 2.5 mmol) in THF (5.5 mL). The resulting mixture was heated to 65 C for 1.5 h. The solvent was removed and the mixture was puried as described below.
3-(Fluorophenyl)-2-[4-(methylsulfonyl)phenyl]-1H-indole (3a). Synthesis and characterization of compound 3a was recently reported. 30 Compound 3a was used for the discussed experiments. UV/vis: l max /nm 236, 249, 336 (3/dm 3 mol À1 cm À1 22 400, 20 300, 16 100); uorescence: l exc ¼ 343, l em ¼ 454 nm. Crystals suitable for X-ray crystallography were obtained by slow evaporation from ethyl acetate at room temperature. Detailed
The reaction was carried out under Schlenk-conditions. A suspension of 4-(methylsulfonyl)phenylacetic acid (1.714 g, 8 mmol) in dichloromethane (1.6 mL) and 4 drops of DMF was heated to 30 C. Freshly distilled thionyl chloride (1.00 g, 0.60 mL, 8.48 mmol) was added and the mixture was stirred for 1.5 h at constant temperature. The solution was cooled to 15 C and freshly sublimated AlCl 3 (2.02 g, 15.15 mmol) was added in portions. Aer 15 min the appropriate benzene (9.66 mmol) was dropped to the mixture and it was stirred for 2 h. Then ethanol (2.8 mL) was added dropwise at 10 C, followed by dichloromethane (20.6 mL) and water (10.2 mL) over a period of 20 min. The mixture was heated to 30 C and the organic phase was separated, washed with 5 M HCl (6 mL) and saturated Na 2 CO 3 solution (6 mL), and concentrated by distillation to a volume of 5 mL. Further purication was carried out as described below.
1-(4-Ethoxyphenyl)-2-[4-(methysulfonyl)phenyl]ethanone (5a). For purication of the raw product obtained by general procedure C, the solution was ltered to yield 5a. Furthermore, the ltrate was concentrated to dryness, washed with a small amount of petroleum ether-DCM 1 : 1 to obtain a further amount of 5a. Starting from 4-(methylsulfonyl)phenylacetic acid (428 mg, 2 mmol) and 4-ethoxybenzene (0.304 mL, 295 mg, 2.41 mmol), 5a was obtained as colorless solid (192 mg, 30%). mp 188-190 C from ethanol (lit., 60 1-(4-Fluorophenyl)-2-[4-(methylsulfonyl)phenyl]ethanone (5c). To 4-(methylsulfonyl)phenylacetic acid (2.0 g, 9.2 mmol) was added thionyl chloride (4.0 mL, 6.6 g, 56 mmol) and the mixture was heated to reux until the solution became clear. The excess of thionyl chloride was removed under reduced pressure. The resulting solid was suspended in uorobenzene (12 mL) and then aluminum chloride (1.88 g, 13 mmol) was added in small portions at 20-25 C. The mixture was heated to reux for 2 h, cooled to room temperature and poured onto a mixture of ice and 1 M HCl (4 mL). The uorobenzene was removed by distillation under reduced pressure and the raw product was ltered off, washed with 1 M Na 2 CO 3 (10 mL) and water (20 mL (100%) . Single crystals were obtained as follows: 5c was crystallized from a mixture of acetone and acetonitrile saturated at the boiling heat which was slowly cooled down to room temperature overnight. This formed a small amount of tiny crystals. Then, the solution was allowed to evaporate slowly what generated crystals suitable for X-ray crystallography. Detailed results of the single-crystal X-ray structure determination are given below and in the ESI. ‡ 2-[4-(Aminosulfonyl)phenyl]-1-(4-uorophenyl)ethanone (5d). Chlorosulfuric acid (1.63 mL, 2.81 g, 23.9 mmol) was slowly added to compound 4 (650 mg, 3.03 mmol) in a ask at À78 C equipped with a drying tube lled with CaCl 2 . The mixture was allowed to warm up over a period of 60 min and then allowed to stir for 2 h at room temperature, poured over ice and extracted with ethyl acetate (3 Â 25 mL). The organic phase was washed with water (10 mL), the organic phase was separated and then 25% aq. NH 3 (5 mL) solution were added. The mixture was stirred for 1 h at room temperature. Then, the organic phase was separated, washed with 1 M HCl (21 mL) and brine (21 mL), concentrated to 5 mL and stored in the fridge. The resulting solid was ltered off and petroleum ether was added to the ltrate to yield further product. The solids were combined and dried. 5d was obtained as colorless solid (303 mg, 34%). mp 201-204 C (lit., 38 
X-ray crystallography
The crystallographic data were collected with a Bruker-Nonius Apex-X8 and Bruker-Nonius APEX-II CCD diffractometer, respectively, with Mo-Ka radiation (l ¼ 0.71073Å). The structures were solved using SHELXS-97 and rened against F 2 on all data by full-matrix least squares with SHELXL-97. 61 All nonhydrogen atoms were rened anisotropically; all hydrogen atoms bonded to carbon atoms were placed on geometrically calculated positions and rened using a riding model. ‡
LDL assay
In order to determine redox activity-structure relationships of COX-2 inhibitors low-density lipoprotein (LDL) copper-/ironperoxidation models were used. Therefore, native albumin-free LDL (density 1.006-1.063 g mL À1 ) were isolated from the blood plasma of healthy, normolipidemic, normoglycemic male volunteers by sequential very fast ultracentrifugation (VFU) and prepared for oxidation experiments as previously described by us in detail. 62 Blood plasma and LDL were all processed in subdued light to prevent the photooxidation of LDL. All buffers and solutions were made oxygen-free by degassing and purging with argon. LDL apoB-100 was measured by immunoelectrophoresis using 'ready-to-use' agarose gels (Sebia, Issy-les-Moulineaux, France). Immediately before oxidation of LDL, EDTA, and salt from the density gradient were removed using a size exclusion column (Econo-Pac 10DG, Bio-Rad) and phosphatebuffered saline (PBS, 10 mM sodium phosphate, 150 mM sodium chloride, pH 7.4) as the eluent. 62 For lipid oxidation, to 200 mL-aliquots of native LDL (125 mg apoB-100/mL, equal to 0.25 mM LDL) in 96 well plates (UV-Star plates, UV transparent to 200 nm, Greiner, Germany) were added 25 mL of an aqueous solution of CuSO 4 (16 mM) and 25 mL of the solution of the compound to be tested. All compounds (novel COX-2 inhibitors, celecoxib, quercetin, and melatonin) were tested at 1 mM concentration. The same preparation without CuSO 4 was used as control. The oxidative process was monitored using a Biotek Instruments Synergy 4 thermostatic UV/vis micro plate reader by following the formation of conjugated dienes at 234 nm every 5 min for 4 hours at 30 C. This approach results in a curve exhibiting a lag phase, during which the absorbance does not increase signicantly, a propagation phase, during which the absorbance increases rapidly, and a degradation phase, characterized by a slow fall in the absorbance. 63, 64 There is a positive (negative) correlation between lag phase duration and the concentration of antioxidants (prooxidants) contained in the LDL sample. 63 For protein oxidation, aliquots of native LDL (125 mg apoB-100/mL, equal to 0.25 mM LDL) were subjected to a well characterized iron-catalyzed oxidation system containing 10 mM bovine hemin chloride and 100 mM H 2 O 2 at 37 C for 40 hours in the dark. 65 The oxidative process was monitored by mass spectrometric determination of formation of g-glutamyl semialdehyde, a specic product of protein oxidation, which by reduction forms 5-hydroxy-2-aminovaleric acid (HAVA) as described elsewhere in detail. 65, 66 In this study the results are expressed as ratios between the duration of lag phase in the presence and in the absence of the compound (R DIENE ) and between the apoB-100 HAVA content in the absence and in the presence of the compound (R HAVA ). Thus, in both approaches R values (R DIENE or R HAVA ) higher than 1 indicate antioxidant activity, R values of about 1 mean that the compound has no effect and R values lower than 1 suggests prooxidant activity.
COX inhibitory assay
The COX inhibition activity against ovine COX-1 and human COX-2 presented in Table 2 was determined at the given concentrations using the uorescence based COX assay "COX Fluorescent Inhibitor Screening Assay Kit" (catalog number 700100; Cayman Chemical, Ann Arbor, MI, USA) and the EIA based COX assay "COX inhibitor Screening Assay Kit" (catalog number 560131; Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer's instructions.
